Soil passage through sand dunes has previously been shown to remove enteric micro-organisms very effectively, and hence is used for the production of drinking water. However, enterococci have occasionally been isolated from abstracted water (after dune passage) in one of the dune infiltration areas in the Netherlands. Enterococcus moraviensis was the most frequently isolated species. Until now, no faecal sources of this species have been reported and the potential for growth under certain environmental conditions was reported for other Enterococcus species. The aim of this study was to determine the ability of E. moraviensis to grow in habitats present in the dune passage process (dune vegetation, sediment from abstraction wells, biofilm developed using abstracted water and soil).
INTRODUCTION
Infiltration of pre-treated river water into sand dunes, with recovery after horizontal soil passage with a travel time of 60 days or more, is often used as one of the treatment steps in drinking water production in the Netherlands. For the Castricum dune infiltration area discussed in this study, effective removal of enteric micro-organisms has already been reported (Schijven et al. ) . Recovered (abstracted) groundwater is the product of this process and is normally free of faecal indicator bacteria (FIB) and therefore considered free of enteric pathogens.
Enterococci are used as FIB, with 51 species currently recognized. They have been isolated from a variety of nonenteric habitats but are believed to have originated from faecal pollution by warm-blooded animals. They are not only natural members of the digestive microbiota in warmblooded animals and humans (Flacklam et al. ; Layton et al. ) , but may also be present in soil (Fujioka et al. rather than breakthrough of faecal contamination.
In the dune filtration area, decaying vegetation may provide nutrients for the growth of microbes. The amount of nutrients percolating into the ground depends upon the growth cycle of plants and the season. During rainy periods, the nutrients will infiltrate into the soil and become available to the bacterial community. If FIB are able to grow in the soil, this may reduce their usefulness as faecal indicators.
The objective of this study is to determine if E. moraviensis is able to grow under ambient conditions that may occur in the percolating water and in the aquifer storage and recharge system. Specific habitats studied were extracts from plants growing in this area, sediments obtained from abstraction wells and biofilms in those wells. If E. moraviensis is able to grow in one of these environments, occasional release from them could explain its occurrence in large (100 L) samples taken from the abstracted water.
METHODS

Bacterial strain
The E. moraviensis strain used in this study was isolated from abstracted water from the Castricum dune infiltration area (The Netherlands) using the standard ISO (-:) method and identified using MALDI-TOF MS (Biotyper, Bruker). An inoculum flask containing 10 4 cfu mL À1 of E. moraviensis in stationary phase was prepared according to van der Kooij ().
For the identification of isolated strains, MALDI-TOF MS was used in accordance with the manufacturer's instructions. In each target plate run we used E. coli Bacterial Test Standard (BTS) provided by the manufacturer to control the quality of the measurement. The measurements with BTS reliability of 2.3 were used in this study.
Enumeration method
Colonies were enumerated using membrane filtration and Slanetz and Bartley Agar according to the ISO (-:) standard method. In order to monitor the growth, 1 mL was filtered using 0.45 μm cellulose nitrate filter (Sartorius Stedim) and incubated on Slanetz and Bartley Agar (SBA) for 48 hours at 37 W C each time. SBA quality control was performed using ATTC 27270 E. faecium strain.
Laboratory quality control in general was carried out in conformity with the quality requirements of ISO 17025.
AOC-free glassware
Assimilable organic carbon-free (AOC-free) 1,000 mL Erlenmeyer flasks, beakers and pipettes (Duran) were cleaned according to the AOC Manual (van der Kooij ).
Plant material
In May 2013, a total of 800 g of plant material composed of leaf parts of Ammophila arenaria (80%), Rubus fruticosus (10%), Plantago lanceolata (5%) and Rumex acetosa (5%)
were collected in the vicinity of abstraction wells (Q 400) in the Castricum dune infiltration area (The Netherlands).
Plant material was transported by sterile plastic bag to the laboratory, where collected plant leaves were aseptically cut into pieces of c. 3 cm length using sterile scissors and mixed to obtain a homogeneous plant mixture, which was then stored at À20 W C for further use in preparation of plant extract agar and boiled plant extract.
In August 2013, a total of 600 g of plant material composed of leaf parts of the most common dune plant (Ammophila arenaria) were collected at the same location and prepared in the same way and were used in experiments with filtered extract.
Plant extract agar
Exactly 200 
Boiled plant extract
Exactly 200 g of plant mixture and 1 L of abstracted water were placed in an AOC-free beaker and boiled for 2 minutes.
After cooling down to room temperature the plant material mixture remained in the water for 12 hours. Thereafter the extract was decanted and autoclaved for 15 min at 121 W C.
In total 16 AOC-free 1 L Erlenmeyer flasks were filled in duplicates with 60 mL plant extract in concentrations of 200 g L À1 , 20 g L À1 , 2 g L À1 and 0.2 g L À1 . Pasteurized abstracted water (30 minutes at 65 W C) was used to prepare plant extract dilutions and to prepare two control flasks (AOC-free 1L flasks filled with 60 mL pasteurized abstracted water).
E. moraviensis (stationary phase) was inoculated into each flask to obtain a concentration of approximately 100 cfu mL À1 . Flasks were finally incubated at 15 W C and the growth of E. moraviensis was tested every second day, using the SBA enumeration method as mentioned above.
Filtered plant extract
Exactly 50 g of the plant material mentioned above was suspended in 1 L of abstracted water for 5 hours at room temperature. Subsequently the extract was decanted and filtered using a sterile 0.45 μm filter (Millipore) to remove plant parts and bacteria. AOC-free Erlenmeyer flasks, containing plant extract (60 mL) in concentrations of 50, 5 and 0.5 g L À1 were prepared in duplicates. Filtered abstracted water (Millipore 0.45 μm) was used as a control experiment (60 mL in duplicate) and to prepare plant extract dilutions.
E. moraviensis was inoculated into the flasks to obtain solutions of approximately 100 cfu mL À1 . The solutions were incubated at 15 W C and the concentration of E. moraviensis was measured daily using the SBA enumeration method.
Sediments in recharge mains
Because sediments accumulate relatively fast in the pipes carrying abstracted water after dune filtration, we investigated whether or not these sediments might support the growth of E. moraviensis. Sediment (500 g The first series was incubated (static) at 15 W C, the second at 20 W C and the third at 25 W C. Growth was examined every 3 days by shaking the suspensions for a moment and then analysing 1 mL for enterococci using the SBA enumeration method.
Biofilm
To examine whether E. moraviensis is able to attach to the biofilm and grow there, two experiments using biofilm moni- Each of the three AOC-free Erlenmeyer flasks was filled with 600 mL of abstracted water and 50 g of extracted soil.
The flasks were pasteurized for 30 minutes at 65 W C. When the suspensions had cooled to room temperature, E. moraviensis was inoculated up to a concentration of 100 cfu mL À1 and flasks were incubated at 15 W C. In order to follow the growth, every 2 days the flasks were shaken for a moment and 1 mL samples then analysed for enterococci using the SBA enumeration method. 
RESULTS AND DISCUSSION
Boiled plant extract
To investigate the dose effect of plant extract on the growth of E. moraviensis, 10 2 E. moraviensis cells were added to different concentrations of the extract. As shown in Figure 1 , in the first 4 to 6 days a rapid increase in E. moraviensis was observed at all concentrations, with only a short lag phase.
No growth was observed in control samples, but the concentrations remained constant for at least 18 days. The growth curves show similar slopes, but reach different levels depending upon the extract concentration. Lower concentrations reach distinctly lower maximum levels. After reaching the maximum level, the concentration remained more or less constant for at least 12 days.
Yields were 2.2 × 10 5 cfu g À1 , 3.2 × 10 6 cfu g À1 , 3.4 × 10 6 cfu g À1 and 1.8 × 10 6 cfu g À1 , respectively. It is also noteworthy that the yield at the highest concentration (200 g L À1 ) was lower than at 20 g L À1 , which probably indicates a growth inhibition at the highest extract concentration.
Filtered plant extract
The most common grass species in the dunes, Ammophila arenaria, was used to prepare plant extract and applied as a growth medium for E. moraviensis at 15 W C. To avoid degradation of larger organic molecules into smaller molecules during sterilization, we applied filtration of prepared plant extract through 0.45 μm pore size membrane filters to test a more natural formation of the extra nutrients available from plant materials. At all concentrations of filtered plant extract (50 g L À1 , 5 g L À1 and 0.5 g L À1 ), rapid growth occurred and a maximum was reached within 3 days. Yields were 5.3 × 10 3 cfu g À1 , 8.3 × 10 3 cfu g À1 and 2.1 × 10 4 cfu g À1 , respectively (Figure 2) . No growth was 
Sediments in recharged mains
No growth was observed in any of the five aliquots (15, 45, 225, 450 and 900 mg) of sediment at any of the three incubation temperatures (15 W C, 20 W C and 25 W C). The amount of sediment had no effect upon the mortality rate, so the average die-off for all sediment concentrations was calculated for each temperature. Higher temperatures reduced the period of bacterial survival. The exponential decay constants were À0.13 d À1 at 15 W C, À0.22 d À1 at 20 W C and À0.50 d À1 at 25 W C (Figure 3) .
Inactivation of E. moraviensis in sediments, described by exponential inactivation kinetics, with higher inactivation rates at higher temperatures, is in line with the temperature-dependent decay of enterococci already reported (Sinton et al. , ; Noble et al. ) . This is probably due to the increase in the rate of biochemical reactions at higher temperatures.
Biofilm
First, the ability of E. moraviensis to attach to biofilm was studied. The average number of E. moraviensis bacteria attached to the rings in BFM1 was 16 cfu ring À1 (std ¼ 6.4). In total, 3% of inoculated enterococci were found to attach to the biofilm within a relatively short time (30 min). In the control, BFM2, no enterococci were found.
In the second experiment, BFM1 with biofilm was inoculated and used to determine the growth of E. moraviensis. For the initial measurement, 13 out of the total of 43 rings were analysed (Table 1 ). The number of cfu ring À1 varied between 21 and 60. On average, 34 cfu ring À1 (std ¼ 11.8; n ¼ 13) were obtained. Comparing these results with the first experiment, the attachment of E. moraviensis was confirmed and it seems that adhesion capacity is related to the concentration applied.
Within a week, no growth was observed, but the number of E. moraviensis had decreased to an average of 5 cfu ring À1 (std ¼ 4.5; n ¼ 4) and after 3 weeks E. moraviensis was not detected in biofilm formed on the rings. So die-off of E. moraviensis was observed in the biofilm, rather than any growth.
On the sampling days, the same number of rings from BFM2 were tested for the presence of enterococci to control for background contamination. Interestingly, 2 cfu of E.
moraviensis were observed in one of four rings in BFM2 in the second week, which means that the abstracted water used to feed the BFMs during the experiment still incidentally contained this species. No E. moraviensis was found in BFM2 in the subsequent weeks, indicating that these micro-organisms were transient occupants of the biofilm, not able to multiply on biofilm.
Even though the attachment of E. moraviensis to biofilms was demonstrated, this species was not able to colonize the biofilm and its numbers in the biofilm declined once the flow of water was restored. This indicates that E.
moraviensis is unable to compete with the other bacteria in the biofilm under these conditions.
Soil
To answer the question of whether the dark soil layer at the depth of 5 cm obtained in the dune infiltration area can serve as a nutrition source for E. moraviensis, we followed the growth of this species at 15 W C in pasteurized suspensions of 50 g of soil and 600 mL of abstracted water. In This study has demonstrated that E. moraviensis is able to grow on plant material on or in the top layer of the soil, but does not grow in the abstraction wells (sediments and 
